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PREDISTORTION MODULATOR 

5 BACKGROUND OF THE INVENTION 

[001] The present invention generally relates to digital communication over 
radio frequency (RF) channels and, more particularly, to providing bandwidth 
efficient modulation of RF signals for digital communications through satellite 
10 transponders. 

[002] At present, commercial satellite transmission equipment for digital 
communications is generally limited to quadrature phase shift keying (QPSK) or 
eight phase shift keying (8-PSK) modulation that limits data rates to 
approximately 30 to 45 megabits per second (Mbps) on a standard satellite 

15 transponder channel. For commercial users wishing to transfer large data files, 
it can take approximately eight hours for transmission, for example, of a sixty 
giga-byte data file at data rates between 30 Mbps and 45 Mbps. The use of a 
satellite transponder channel for such a length of time can represent a 
significant amount of expense for such a commercial user. Thus, any reduction 

20 in transmission time that can be achieved through more efficient use of the 
satellite transponder communication channel can provide significant cost 
savings, and advantages of speed and increased channel capacity. The same 

25 
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considerations may be applied not only to the transfer of large data files but, 
more generally, to increased bandwidth efficiency for all types of satellite 
communications, including telecommunications. 

[003] The prior art for digital file transmission over satellite transponder 
5 communication channels is overwhelmingly dominated by commercial QPSK 
modulators and receivers because their constant-envelope modulation is not 
adversely affected by the nonlinear distortion introduced at the satellite 
transponder. Typically, nonlinear distortion dictates that satellite communication 
applications use the lower-order constant-envelope modulation types such as 

10 QPSK and 8PSK. This is because the need for satellite power efficiency 
requires operating transponders near saturation where the input/output curve is 
flattened out so that the amplitude variations going into the amplifier are not 
being represented properly at the output, i.e., amplitude is distorted. Thus, 
amplitude distortions can prevent the use of higher order modulation types, 

15 such as quadrature amplitude modulation (QAM) that depend on non-distorted 
amplitude transmission. Traveling-wave tubes (TWTs) are still used for much of 
the satellite communications application, especially in geosynchronous 
communications satellites. TWTs typically demonstrate nonlinear distortion that 
is amplitude dependent and memoryless. 

20 [004] Amplifier nonlinearity is present, as well, in other types of 
communications systems. Cell phone networks, for example, in which a mobile 
station (the cell phone) communicates with a base station using RF signals, 
may be subject to analogous limitations and problems to those of the satellite 
transponder channel. Also, for example, code division multiple access (CDMA) 

25 systems are known to be sensitive to nonlinearity. If the nonlinearity could be 
compensated for, improvements in performance and efficiency could be 
expected for a number of types of communications systems, including cell 
phone and CDMA .communications systems 

[005] Predistortion is an active technology in all wireless communications 
30 applications. Typically, a predistorter is installed on the front end of a satellite 
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transponder to reduce intermodulation products and adjacent channel 
interference. Predistorters are often implemented as an analog gain 
(amplitude) decompressor and phase shifter that compensates for the gain 
compression and phase shift within the power amplifier. Predistorters are 
5 typically inserted in the communications channel somewhere after the 
modulator and the RF upconverter, but before the power amplifier. An analog 
predistorter for satellite communications may be implemented on the ground, for 
example, by predistorting the modulated RF signal (to match the particular 
satellite transponder) at the ground transmitter before it is inserted into the 

10 power amplifier and then transmitted. Analog predistorters typically attempt to 
provide a continuous predistortion over the whole range of amplifier input 
power. Thus, an analog predistorter must be designed specifically to match the 
characteristics, for example, transfer function, of each model of each particular 
manufacturer's line or class of transponder amplifiers. For example, an inverted 

15 gain that compensates for the amplitude distortions of the transponder needs to 
be applied to the modulated signal before transmission, but it can be extremely 
difficult to properly match the required gain compensation across all power 
levels of transmission. The custom-tailored nature of differently matching each 
class of amplifiers can be expensive and can hamper availability. 

20 [006] As can be seen, there is a need for a predistortion modulator to enhance 
bandwidth efficiency of digitally modulated signals for communications systems, 
including satellite communications systems. There is also a need for a 
predistortion modulator for transmission of digitally modulated signals that easily 
may be used with a wide variety of satellite transponders and amplifier classes. 

25 

SUMMARY OF THE INVENTION 

[007] In one aspect of the present invention, a device for predistorting a digital 
symbol for RF transmission over a satellite transponder channel includes: a 
30 processing module connected to an input parallel bit stream. The processing 
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module converts data bits of the input parallel bit stream into an input digital 
symbol; applies a gain adjustment and a phase adjustment to the input digital 
symbol to produce a predistorted symbol; and outputs quadrature components 
of the predistorted symbol. 
5 [008] In another aspect of the present invention, a device for predistorting a 
digital symbol for modulating an RF signal includes a multi-bit buffer connected 
to an input serial bit stream and providing a parallel bit stream from the input 
serial bit stream; and a processing module connected to the input parallel bit 
stream. The processing module converts data bits of the input parallel bit 

10 stream into an input digital symbol and inputs a set of gain adjustments and 
phase adjustments that compensate for a channel distortion. The processing 
module decides which of the set of gain and phase adjustments to apply 
depending on a magnitude of the input digital symbol, applies a gain adjustment 
and a phase adjustment, from the set of gain and phase adjustments, to the 

15 input digital symbol to produce a predistorted symbol, and outputs quadrature 
components of the predistorted symbol. 

[009] In still another aspect of the present invention, a system for digitally 
predistorting and modulating an RF signal includes: a multi-bit buffer connected 
to an input serial bit stream and providing a parallel bit stream from the input 

20 serial bit stream; a processing module connected to the input parallel bit stream; 
and a quadrature {I, Q} modulator. The processing module analyzes data bits 
of the input parallel bit stream and determines quadrature components (l D ; Q Q ) 
of an input digital symbol by mapping the data bits to an input symbol of a 
constellation map. The processing module inputs a set of gain adjustments and 

25 phase adjustments that compensate for a channel distortion and decides which 
of the set of gain and phase adjustments to apply depending on a magnitude 
^('o 2 + Q 0 2 ) of the input digital symbol. The processing module applies a gain 
adjustment and a phase adjustment from the set of gain and phase adjustments 
to the input digital symbol to produce a predistorted symbol and outputs 

30 quadrature components (l p ; Q p ) of the predistorted symbol to the quadrature 

-4- 



PATENT 
091-0181 



modulator. The quadrature modulator modulates an IF carrier by the 
quadrature components (l p ; Q p ). 

[010] In yet another aspect of the present invention, a satellite digital 
communications system includes a multi-bit buffer connected to an input serial 
5 bit stream and providing a parallel bit stream from the input serial bit stream and 
a clock that provides a clock signal to the multi-bit buffer. The multi-bit buffer is 
an N-bit buffer and the clock operates at 1/N of the bit rate of the input serial bit 
stream. The multi-bit buffer is read at the clock signal to convert the input serial 
bit stream to the input parallel bit stream having width N so that an input digital 

10 symbol Aq of a constellation map is represented by N bits of the input serial bit 
stream, where the constellation map has m symbols and N = log 2 (m). A 
processing module is connected to the input parallel bit stream. The processing 
module analyzes data bits of the input parallel bit stream and determines 
quadrature components (l Q ; Q 0 ) of the input digital symbol Aq by mapping the 

15 data bits to an input symbol of a constellation map. The processing module 
inputs a set of gain adjustments and phase adjustments that compensate for a 
channel distortion. The set of gain adjustments and phase adjustments are 
provided in the form of a linear transformation so that a matrix multiplication is 
used to transform quadrature components (l Q ; Q Q ) to quadrature components (l p ; 

20 Q p ) of a predistorted symbol Ap. The processing module decides which of the 
set of gain and phase adjustments to apply depending on a magnitude V(I Q 2 + 
Q 0 2 ) of the input digital symbol and applies a gain adjustment G n and a phase 
adjustment O n from the set of gain and phase adjustments to the input digital 
symbol to produce a predistorted symbol. The processing module applies the 

25 gain adjustment G n and the phase adjustment <t> n from the set of gain and 
phase adjustments to the input digital symbol Aq to produce the predistorted 
symbol A p according to: 

V(l p 2 + Q p 2 ) = G n V(l 0 2 + Q 0 2 ); 

arctan(l p / Q p ) = <P n + arctan(l Q / Q G ); and 

30 A p = G n (A 0 )e j(0n(Ao)) . 
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Then, the processing module outputs quadrature components (l p ; Q p ) of the 
predistorted symbol to a modulator. 

[011] In a further aspect of the present invention, a method for digitally 
predistorting a digital signal includes steps of: converting data bits from a serial 
5 bit stream into an input digital symbol; analyzing the input digital symbol bits to 
determine the quadrature components (l 0 ; Q 0 ) of the input digital symbol; 
deciding which of a set of gain and phase adjustments G n and O n to apply to the 
input digital symbol; performing a scaling and rotation transformation using gain 
and phase adjustments G n and O n on the quadrature components (l D ; Q 0 ) of the 
10 input digital symbol; and providing quadrature components (l p ; Q p ) for a 
predistorted symbol. 

[012] These and other features, aspects and advantages of the present 
invention will become better understood with reference to the following 
drawings, description and claims. 

15 

BRIEF DESCRIPTION OF THE DRAWINGS 

[013] Figure 1A is a constellation map comparing a distorted 4-QAM symbol 
constellation to a 4-QAM symbol constellation transmitted in accordance with an 
20 embodiment of the present invention; 

[014] Figure 1B is a constellation map comparing a distorted 16-QAM symbol 
constellation to a 16-QAM symbol constellation transmitted in accordance with 
another embodiment of the present invention; 

[015] Figure 2 is a predistortion modulator block diagram, according to one 
25 embodiment of the present invention; 

[016] Figure 3 is a flow chart illustrating a method for digital predistortion of 
digitally modulated signals, in accordance with an embodiment of the present 
invention. 
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DETAILED DESCRIPTION OF THE INVENTION 

[017] The following detailed description is of the best currently contemplated 
modes of carrying out the invention. The description is not to be taken in a 
5 limiting sense, but is made merely for the purpose of illustrating the general 
principles of the invention, since the scope of the invention is best defined by 
the appended claims. 

[018] Broadly, one embodiment of the present invention provides digital 
predistortion that enhances bandwidth efficiency of digitally modulated signals. 

10 The invention may be used, for example, in satellite communications generally, 
where improved bandwidth efficiency for digital signal transmission over satellite 
transponder communication channels is important for obtaining economic 
benefits of increased communication speed and increased channel capacity. 
[019] One embodiment of the present invention may be especially useful, for 

15 example, in the cinema industry for commercial distribution of feature films from 
studios to theatres in the form of digital data files. One embodiment may enable 
the use of higher order modulation types, such as quadrature amplitude 
modulation (QAM) that can make it possible to reduce the transmission time of 
large digital files by a factor of two or more. At prior art data rates between 30 

20 Mbps and 45 Mbps, for example, it can take approximately eight hours for a 
cinema distributor to distribute a sixty-gigabyte digital feature film file from the 
studio network operations center (NOC) to clients at theatres. The use of a 
satellite transponder channel for such a length of time represents a significant 
amount of expense for the studio or the client, especially when multiplied by the 

25 number of films distributed. Reduction of the transmission time by a factor of 
two or four, for example, could decrease transmission time to about four hours 
or about two hours, not only providing cost-savings but making the application 
of satellite communications to large data file transmission more practical. Thus, 
the reduction in transmission time that can be achieved through more efficient 

30 use of the satellite transponder communication channel according to one 
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embodiment of the present invention can enable new applications for satellite 
communications by providing significant cost savings, and advantages of speed 
and increased channel capacity. 

[020] An embodiment of the present invention also could be applied to other 
5 communications systems where amplifier nonlinearity is present. One example 
of such an application is the use of one embodiment in cell phone networks. 
For example, a predistortion modulator according to one embodiment could 
operate from within a cell phone (mobile station) predistorting the RF signal 
from the mobile station in order to compensate for nonlinearity in the cell base 
10 station. Unlike applications to a satellite channel where channel conditions 
change relatively slowly, however, application to cell phone networks would 
require an active adaptive loop to adjust predistortion parameters as the 
communication channel changes. 

[021] For example, in one embodiment, the invention is a digital m-QAM 

15 modulator (m is the order of modulation, referring to the number m of symbols 
available) that produces a predistorted modulated signal that is tuned to 
enhance the bandwidth efficiency of existing satellite communication channels. 
The modulator produces the predistorted modulated signal by processing the 
digital baseband signal prior to modulation. The processing can be 

20 implemented in hardware in a variety of ways, and in readily available circuitry. 
The implementation may take into account the advantage of having the 
predistortion work with existing satellite receivers and m-QAM demodulators. 
[022] One embodiment may provide digital predistortion of digitally modulated 
signals that easily may be used with a wide variety of satellite transponders and 

25 amplifier classes. In the prior art, analog devices are typically constructed 
which attempt to provide a continuous predistortion over the whole range of 
amplifier input power. These devices are typically inserted in the 
communications channel somewhere after the modulator and the RF 
upconverter and before the amplifier. Often, they are built into the transponder 

30 front-end electronics. Unlike approaches used in the prior art - such as analog 
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predistortion which is typically applied to the already modulated intermediate 
frequency (IF) or radio frequency (RF) signal - one embodiment may apply 
digital predistortion prior to modulation of the digital baseband signal onto the IF 
or RF signal, taking advantage of the fact that m-QAM modulation sends 
5 symbols in a small number of amplitudes (as indicated by the "Power Levels" 
column shown in Table 1.) Thus, predistortion according to one embodiment 
needs only to make use of the distortion vectors and the corresponding 
predistortion vectors for that small number of amplitudes, allowing, for example, 
the digital predistortion to be matched to the transponder without the need for a 
10 custom design to match characteristics for each individual transponder. 
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Table 1 . " — 

20 

[023] For example, a small number of input controls may be provided for the 
user to adjust the transformation parameters in real time. For the example of 
16QAM, there are only three symbol amplitude levels. Therefore, the processor 
need only be provided with two relative phase adjustments, two relative 
25 amplitude adjustments, and a master gain adjustment in order to provide 
predistorted symbols to the satellite channel. These controls can be as simple 
as a set of manual potentiometer knobs or as sophisticated as a computer 
controlled channel-quality of service (QOS) feedback loop. In practice, the 
transformation parameters are typically set once for each set of channel 
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conditions and satellite transponder. Once set, no further adjustments are 
generally required during operation, allowing the digital predistortion modulator 
of one embodiment to work with existing satellite receivers and m-QAM 
demodulators. Nevertheless, it would be routine for a skilled practitioner of 
5 scientific instrumentation to incorporate a feedback loop into the system that 
would monitor the communications channel and adjust the predistortion 
modulator's settings to compensate for changes in the satellite channel. Such 
changes, for example, would most likely be due to weather-related signal 
attenuation, but could also be due to aging and degradation of the satellite 
10 transponder. Typically, these types of changes happen over the course of 
several minutes, hours or years, so that it may be a matter of ordinary skill in the 
art to provide adequately responsive compensation for these types of changes , 
for example, using a feedback loop. 

[024] Referring now to Figures 1A and 1B, Figure 1A is a constellation map 
15 100 comparing a 4-QAM constellation of channel distorted symbols 102 to a 4- 
QAM constellation of symbols 104, propagated over the channel in accordance 
with an embodiment of the present invention, and to the original constellation of 
input symbols 106. Figure 1B is a constellation map 150 comparing a 16-QAM 
constellation of channel distorted symbols 152 to a 16-QAM constellation of 
20 symbols 154, propagated over the channel in accordance with another 
embodiment of the present invention, and to the original constellation of input 
symbols 156. 

[025] Symbols are graphed on constellation map 100 according to their 
quadrature amplitudes, a ( and a Q , which may be measured against in-phase (I) 

25 axis 108 and quadrature (Q) axis 110. Similarly symbols are graphed on 
constellation map 150 according to their quadrature amplitudes, a, and a Q , 
which may be measured against in-phase (I) axis 158 and quadrature (Q) axis 
160. The phase of each symbol - such as symbol 106a - can be readily 
observed from constellation map 100 or 150 by noting the angle of the symbol 

30 with the l-axis 108 or 158 -such as the angle of phase 1 12 of symbol 106a seen 
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in Figure 1A. The amplitude of each symbol - such as symbol 106a - can be 
readily observed from constellation map 100 or 150 by noting the distance from 
the origin, indicated by circles of constant amplitude - such as circle of 
amplitude 114 on constellation map 100 or circles of amplitude 164, 166, and 
5 168 on constellation map 150. The larger the circle, the greater the amplitude, 
or power level, of the symbol. 

[026] As seen in Figure 1A, an original input symbol 106 - such as input 
symbol 106a may be transmitted without predistortion, for example, over a 
satellite transponder channel, encountering channel distortion to be received as 

10 distorted symbol 102a. The phase distortion is the change in phase from phase 
112 of transmitted input symbol 106a to phase 116 of received channel 
distorted symbol 102a. The amplitude distortion is the change in amplitude 
from input symbol 106a to the amplitude of received channel distorted symbol 
102a. Because both symbols 106a and 102a have the same amplitude 114, 

15 there is no change in amplitude and thus, no amplitude distortion. For 4-QAM, 
constellation map 100 shows that all the symbols 106 undergo the same 
distortion, which is a phase distortion only. 

[027] The distortion can be compensated for by predistorting input symbols 
106 to predistorted symbols 118 before transmission. For example, input 

20 symbol 106a may be processed according to an embodiment to provide 
predistorted symbol 118a, which may be transmitted, for example, over a 
satellite transponder channel, encountering channel distortion to be received as 
symbol 104a. As seen in Figure 1A, symbols 104 are received with minimal 
channel distortion and closely approximate or match input symbols 106. Also 

25 as seen in Figure 1A, because all the symbols are transmitted at the same 
power level (amplitude) the predistortion need only correct for phase. 
[028] Figure 1B shows the situation for higher levels of modulation, in 
particular, for 16-QAM. For 16-QAM, the amount of distortion and, thus, 
predistortion needed to compensate, depends on the amplitude. For example, 

30 input symbol 156a, having small amplitude 168 may undergo a small amount of 
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amplitude and phase distortion to be received as distorted symbol 152a. Only a 
small amount of amplitude and phase predistortion to symbol 178a may be 
required to correct the propagated symbol 154a to match symbol 156a. 
Continuing the same example, input symbol 156b, having medium amplitude 
5 166 may undergo a medium amount of amplitude and phase distortion to be 
received as distorted symbol 152b. A medium amount of amplitude and phase 
predistortion to symbol 178b may be required to correct the propagated symbol 
154b to match symbol 156b. Continuing the same example further, input 
symbol 156c, having maximum amplitude 164 may undergo a large amount of 

10 phase distortion to be received as distorted symbol 152c, but may not be 
amplitude distorted because transmission is at the maximum power level or 
amplitude. A relatively large amount of phase predistortion to symbol 178c may 
be required to correct the propagated symbol 154c to match symbol 156c. In 
general, as illustrated by Figure 1B, the amount of distortion and, thus, 

15 predistortion required, is the same for each symbol 156 at each of amplitudes 
164, 166, 168 but may vary nonlinearly as the amplitude is varied from 
amplitude 164 to amplitude 166 to amplitude 168. 

[029] In m-QAM modulation, the RF wave has m possible phase and amplitude 
combinations that can be encoded onto it; each possible combination is known 

20 as a symbol and each symbol contains log 2 (m) binary bits of information. For 
example, as shown in Figure 1B, there are 16 input symbols 156 for 16-QAM 
and each input symbol 156 may contain 4 bits of binary information. An m-QAM 
symbol is a combination of two quadrature components, represented by a 
cosine wave and a sine wave, and the relative amplitude of those quadrature 

25 components determines the phase and amplitude of the encoded symbol. The 
symbol train can be represented mathematically by 

V(t) = x , (t)cos(2TTft) + x Q (t)sin(2TTft) (1 ) 

where f is the RF frequency and x , and x Q are integers that change to new 
values every T s seconds; T s is the symbol period,, x , and x Q can be 

30 represented by: 
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x i (t) = X a i, n 0 (t-nT s< T s ) where I is over n = -«> to +00 

x q (t) = Z a o.n © (t-nT s , T s ) where I is over n = to +°° (2) 
where the 0 function is defined as a square pulse and represented as: 

0 (t T) = 1 if 1 1 1 < T/2 and 0 (t T) = 0 otherwise (3) 
5 and the a l>n and the a Q n are the symbol quadrature amplitudes, and they can 
have values in the set: 

{-(2^),-@-Z),...,-1 t 1,...,2 x -Z % 2 x -V (4) 
where I = 1,2,3, . . . indicates the depth of the modulation. The 'm' in m-QAM is 
related to I by m = 2 2 \ and the possible values for m are m = 4, 16, 64, 256, 
10 1024, etc. The possible symbols available in m-QAM are known as the 
constellation and they are represented graphically in {a ,, a Q } space as 
described above with reference to Figures 1A and 1B, for example with a, 
measured against in-phase (I) axis 158 and a Q measured against quadrature 
(Q) axis 160. Each dot on the constellation graphs of Figures 1A and 1B 
15 represents a symbol, and the RF signal encoded with a symbol will have an 
amplitude proportional to: V (a i 2 + a Q 2 ) and 
phase equal to: arctan(a |/a Q ). 

[030] If each symbol is represented by a vector of the form: 

A o = (a ,,0 +y a Q>0 ) = A^ 80 (5) 
20 and the nonlinear distortion is represented by the vector operator: 

G d (A) = G d (A)ei* d < A > (6) 
then the nonlinear distortion can be calculated, for example, given an amplifier's 
gain curves. It is a matter of ordinary skill in the art to calculate the predistortion 
that will compensate for the distortion of Equation (6). For example, 
25 G n and O n may be calculated for a symbol A, so that: 

A= (G d G n )(A) e» (0d + 0n)(A) (7) 
[031] Alternatively, gain adjustments G n and phase adjustments O n 
compensating for G d (A) can be modified during operation until the correct 
response is achieved for the channel. Input controls may be provided, for 
30 example, for the user to adjust the transformation parameters G n and <t> n in real 
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time. Alternatively, an adaptive loop may be provided, for example, that 
automatically adjusts the transformation parameters G n and O n in real time. For 
example, a test signal may transmitted and received through a satellite 
transponder channel or a simulation of the channel, and the error in the 
5 received signal may be used to adjust the transformation parameters G n and O n 
until the received signal is correct. The input controls can be, for example, a set 
of manual potentiometer knobs or a computer controlled channel-QOS 
feedback loop. In practice, the transformation parameters G n and O n may be 
set once for each set of channel conditions and satellite transponder. 

10 [032] An embodiment of the present invention may be implemented to take 
advantage of the fact that m-QAM modulation sends symbols in a small number 
of amplitudes as illustrated, for example, in Table 1. For example, the 16-QAM 
constellation has three power levels, or amplitudes, amplitude 164, amplitude 
166, and amplitude 168. Thus, for 16-QAM, only two relative gain adjustments 

15 G-i and G 2 may be needed. For example, may be provided to adjust the gain 
of symbols at amplitude 164 relative to symbols at amplitude 166, and G 2 may 
be provided to adjust the gain of symbols at amplitude 168 relative to symbols 
at amplitude 166. An overall or master gain adjustment G may also be provided 
by the predistorter, but the overall gain compensation may be and typically is 

20 provided by the modulator and power amplifier. Similarly, for example, only two 
relative phase adjustments ct> 1 and <J> 2 may be needed. For example, <S> A may 
be provided to adjust the phase of symbols at amplitude 164 relative to the 
phase of symbols at amplitude 166, and d> 2 may be provided to adjust the 
phase of symbols at amplitude 168 relative to the phase of symbols at 

25 amplitude 166. An overall or master phase adjustment O may be provided but 
is generally not needed because the overall phase shift may be compensated 
by the modulator, power amplifier, or receiver. 

[033] Figure 2 illustrates predistortion modulator system 200 according to one 
embodiment. A digital baseband serial bit stream 202 may be input to multi-bit 
30 (N-bit) buffer 204. For the example of 16-QAM, N = 4, and multi-bit buffer 204 
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may be a 4-bit buffer. A symbol clock 208 may be set to operate at 1/N of the 
bit rate. For the 16-QAM example, clock 208 may operate at 1/4 of the bit rate 
of serial bit stream 202. Clock 208 may provide a clock signal 209 at 1/N of the 
bit rate to time the progression of signals through the system components. For 
5 example, clock 208 may provide clock signal 209 to buffer 204, processing 
module 210, and modulator 212. 

[034] Digital baseband serial bit stream 202 may be converted into an N-bit 
parallel bit stream 206. For example, N bits may be read by processing module 
210 from buffer 204 at the clock signal, for example, at each transition or edge 

10 of clock signal 209. The width N of the parallel bit stream 206 may be 
determined by the number of bits per symbol in the desired modulation. For the 
16-QAM example, modulation requires 4 bits per symbol and therefore N=4. 
[035] The processing module 210 may be tuned to compensate for nonlinear 
distortion, for example, in a satellite transponder. For example, inputs for gain 

15 and phase adjustments 214, i.e., the transformation parameters G n and O n may 
be provided, as described above, either from calculation from amplifier gain 
curves or using a test signal. Gain and phase adjustments 214 may also be 
modified using an adaptive loop to provide dynamic adaptation of gain and 
phase adjustments 214 during normal operation. For the example of 16-QAM, 

20 only two relative gain adjustments and phase adjustments 214, G 1f G 2 , Oi and 
0 2 may be needed as described above. 

[036] The processing module 210 may convert N of the data bits of parallel bit 
stream 206, for example, the N bits in N-bit buffer 204 when clock signal 209 
changes, to an N-bit digital symbol 216. For the example of 16-QAM, N = 4 and 

25 digital symbol 216 may be an input symbol - such as input symbol 156a - of 16- 
QAM constellation 150. Processing module 210 may perform a scaling and 
rotation transformation, for example, as described by Equation (7) using gain 
adjustments and phase adjustments 214, G 1t G 2 , <t>i and <J> 2f on the quadrature 
components (l Q ; Q 0 ) of digital symbol 216. 

30 [037] The transformation may depend on (l Q 2 + Q Q 2 ), the magnitude of digital 
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symbol 216, where (l 0 ; Q 0 ) are the quadrature components of digital symbol 
216. For example, for input symbol 106a of Figure 1A, l Q = 1, as measured 
against in-phase (I) axis 108, and Q Q = -1 as measured against quadrature (Q) 
axis 110. As an input symbol, i.e., the 4 bits of parallel stream 206 representing 
5 the input symbol 216, enters the processing module 210, processing module 
210 may analyze the bits of input digital symbol 216, determine the quadrature 
components (l 0 ; Q Q ) of digital symbol 216, for example, by mapping (as known 
in the art) the bits of input digital symbol 216 to a particular symbol - such as 
symbol 156a - of constellation map 150 for the 16-QAM example. Processing 
10 module 210 may decide which of the set of pre-set gain and phase adjustments 
214 (G 1t G 2 , and 0 2 fo r the 16-QAM example) to apply to create the proper 
predistortion so that received symbol 154a, for example, matches input symbol 
156a. 

[038] For the 16-QAM example, scaling (using G 1f G 2 ) may be performed to 

15 adjust the amplitude of the input digital symbol 216, which may be the amplitude 
168 of input symbol 156a of constellation map 150, for example, to the 
amplitude of the predistorted symbol 178a as shown in Figure 1B. Rotation 
(using <t> 2 ) may be performed to adjust the phase of the input digital symbol 
216 - such as phase 157 of symbol 156a to the phase of the predistorted 

20 symbol 1 78a as shown in Figure 1 B. 

[039] Input controls or an adaptive loop may be provided that adjust the 
transformation parameters, i.e., relative gain and phase adjustments 214, for 
the 16-QAM example, G 1( G 2 , and <J> 2 , in real time, as described above. For 
the 16-QAM example, there are only three symbol amplitude levels 164, 166, 

25 168. Thus, the processor 210 need only be provided with two relative phase 
adjustments 214, such as <J>i and cp 2 and two relative amplitude adjustments 
214, such as and G 2 , and a master gain adjustment in order to provide 
predistorted symbols 218 to modulator 212 and which may be transmitted, for 
example, over a satellite channel. 

30 [040] The quadrature components (l p ; Q p ) 218a, 218b, i.e., quadrature 
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component l p 218a and quadrature component Q p 218b, of predistorted symbol 
218 may be supplied to a modulator 212. For example, modulator 212 may be 
implemented using a commercial QPSK modulator chip for pulse shaping, 
filtering and modulation, and upconversion to an IF carrier 220, which may be 
5 provided by local oscillator 221. Because the processing module 210 uses 
symbol-selective predistortion for quadrature level shifting, a simple QPSK 
modulator can be used for modulating IF carrier 220 to provide an m-QAM 
spectrum 222. For the 16-QAM example, m-QAM spectrum 222 may be a 16- 
QAM spectrum 222. After passing through the satellite channel, the m-QAM 
10 spectrum 222 may be received with a minimum of channel distortion, and can 
be demodulated using commercial satellite receivers and m-QAM 
demodulators. 

[041] Referring now to Figure 3, an exemplary embodiment of a method 300 
for digital predistortion of an RF signal is illustrated by a flowchart. The 

15 exemplary method 300 may include steps 302, 304, 306, 308, 310, 312, 314, 
and 316, which delineate method 300 for purposes of illustration according to 
one embodiment. Method 300 is illustrated with reference to Figures 1 and 2. 
[042] Method 300 may begin with a step 302. At step 302, pre-set gain and 
phase adjustments G n and O n may be provided for compensating for a channel 

20 distortion. For example, the channel characteristics may be analyzed by the 
operator of the communications system to determine the values for the G's and 
(j) 's. Alternatively, the process of determining the values for the G's and ^ 's 
may be automated, for example, by providing an adaptive loop in the system. 
For the 1 6-QAM example, input controls or an adaptive loop may be provided 

25 that modify, in real time, the relative gain and phase adjustments 214, for 
example, transformation parameters G 2 , <t>i and 0 2 , as described above. 
Gain and phase adjustments G n and O n may also be calculated using 
appropriate amplifier gain curves, as described above. 

[043] Method 300 may continue with a step 304, in which data bits from a 
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serial bit stream are converted into an input digital symbol. For the example of 
16-QAM, a digital baseband serial bit stream 202 may be input to a multi-bit 
buffer 204. For the example of 16-QAM, multi-bit buffer 204 may be a 4-bit 
buffer. Digital baseband serial data bit stream 202 may be converted into a 4- 
5 bit parallel bit stream 206. Each four data bits of the parallel bit stream 206 may 
be converted to a digital symbol 216. For the example of 16-QAM, digital 
symbol 216 may be one of 16 possible input symbols - such as input symbol 
156a - of 16-QAM constellation map 150, and may have quadrature 
components (l Q ; Q Q ). 

10 [044] Method 300 may continue with a step 306. At step 306, the input digital 
symbol bits may be analyzed to determine the quadrature components (l 0 ; Q 0 ) 
of the input digital symbol and decide which of the set of pre-set gain and phase 
adjustments G n and O n to apply to create the proper predistortion. For example, 
processing module 210 may analyze the bits of input digital symbol 216, 

15 determine the quadrature components (l G ; Q G ) of digital symbol 216, and decide 
which of the set of gain and phase adjustments 214 (G^ G 2 , <t>i and d> 2 for the 
16-QAM example) to apply to create the proper predistortion that may 
compensate for the channel distortion. (The foregoing assumes that the 
operator has analyzed the channel characteristics to determine the values for 

20 the G's and § 's, or that the process is automated.) 

[045] Method 300 may continue with a step 308, in which a scaling and 
rotation transformation using gain and phase adjustments G n and <t> n may be 
performed on the quadrature components (l 0 ; Q 0 ) of the input digital symbol to 
produce a predistorted symbol having quadrature components (l p ; Q p ). For 

25 example, the transformation may depend on the magnitude V(I D 2 + Q 0 2 ) of digital 
symbol 216, denoted Aq. The transformation may be applied to quadrature 
components (l Q ; Q Q ) of digital symbol 216 to provide quadrature components 
218a, 218b (l p ; Q p ) of predistorted symbol 218, denoted A p , according to the 
following equations: 



-18- 



PATENT 
091-0181 



Ap = G n (A o )e i(t,>n < A0 » 
V(lp 2 + Q p 2 ) = G n V(l o 2 + Q 0 2 ) 
arctan(l p / Q p ) = <D n + arctan(l Q / Q D ) 



(8) 
(9) 
(10) 



For the 16-QAM example, G 1t G 2 , <t>^ and <P 2 may be sufficient so that n = 1 or n 
5 = 2. 

[046] In practice, the gain and phase adjustments 214 may be provided in the 
form of a linear transformation so that a matrix multiplication may be used to 
efficiently transform (l D ; Q G ) to (l p ; Q p ). Step 308 may also include modulating 
an IF or RF carrier, such as IF carrier 220, by the quadrature components 218a, 
1 0 21 8b, i.e., (I p ; Q p ), of predistorted symbol 21 8. 

[047] It should be understood, of course, that the foregoing relates to preferred 
embodiments of the invention and that modifications may be made without 
departing from the spirit and scope of the invention as set forth in the following 
claims. 
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